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Introduction
In discussing his solutions for the Jolly-Seber model, Jolly (1965) remarked that recaptures "enter into the estimates in two distinct ways, first ... as the proportion of previously marked animals in ni,..., and, secondly as the ratio of future recaptures," where ni is the total number of marked and unmarked animals captured at i. Jolly (1965) suggested that two methods of observation could operate simultaneously. First, captures at time i and, second, resightings of marked animals over a wide area carried out continuously because, as Jolly remarked, the exact time an animal is recaptured (meaning resighted in this context) is of no importance. Recapture statistics could then be augmented by the additional observations, improving estimation of the ratio of future recaptures. In mark-recapture studies, observations of marked animals following release are typically obtained in one of three ways: first, live recapture at subsequent sampling occasions, the situation for which the model was originally developed; second, resighting of tagged animals without physical capture; and third, utilizing tag recovery from animals that are found dead, commonly as a result of hunting.
Data often arise by combinations of these methods. Because animals must usually be captured before they are marked, it is common for a tag-resight study to also include live recaptures of marked animals. Note that, in the case where animals are identified from natural markings, the first sighting is usually treated as though it were a capture, even though physical capture does not occur. Brownie and Robson (1983) considered how to handle these live recaptures; however, their method requires the restrictive assumption of a negligible observation period timed to coincide with the capture occasions. Similarly, in tag-recovery studies, live recaptures of animals marked at earlier capture occasions can also occur. Mardekian and McDonald (1981) proposed an estimator for this situation; however, their method is not fully efficient, as it ignores intermediate captures. Also, Barker (1995) shows that their method is only appropriate under restrictive assumptions regarding emigration from the capture site.
An important recent advance has been the development of a theory for the joint analysis of live-recapture and tag-recovery data described by Burnham (1993) . A related problem is analysis of separate capture-recapture and tag-recovery data with common parameters (but not animals) considered by Lebreton et al. (1995) . In contrast, Burnham's (1993) model allows efficient utilization of data from a tag-recovery study when live recaptures of animals also occur (i.e., animals are exposed to both types of sampling). The joint capture-recapture and tag-recovery study considered in detail by Burnham (1993) is in fact a special case of the situation discussed by Jolly (1965) but where the animals are removed from the population on resighting. However, the unified theory developed by Burnham (1991) and used by him later (1993) is appropriate for the more general situation envisaged by Jolly (1965) .
In this paper, we describe a general model for the situation considered by Jolly (1965) for a single age class or stratum. The model provides a framework for the joint analysis of live-recapture, tagresight, and tag-recovery data. A detailed description of the model and estimators is given by Barker (1995) , who also considers a multistratum extension of the model, including an age-dependent model and a model allowing a short-term handling effect on survival and capture/observation probabilities.
The model is applied to data from a pilot study investigating the efficacy of mark-recapture techniques for estimating angling pressure on a rainbow trout Onchorhynchus mykiss fishery. Fish were tagged in the upper reaches of the Rangitikei River, New Zealand, at six monthly intervals beginning March 1993. Trout were captured during spring (October) or autumn (March) tagging operations, and resightings were provided by anglers catching trout between capture occasions. Of the 68 fish reported captured by anglers, 48 were released; thus, recapture, tag-resight, and tag-recovery all contributed observations of marked animals following release.
The Experimental
Situation, Notation, and Assumptions The model allows two observation methods for marked animals. The first is live capture at time i, which can occur at t distinct times (i 1,... , t), and is referred to as capture at i. As usual, the t distinct capture times do not have to be regularly spaced, but captures are assumed to occur, in effect, instantaneously. Capture may only occur if animals are at risk of capture. By this we mean that the population comprises individuals that are at .risk of capture and those that are not at risk of capture, allowing for the common situation where the physical capture process targets a specific subset of the population. For example, in waterfowl banding studies, it is only birds that are associated with the banding site that are at risk of capture. It is important that a markrecapture model is general enough to accommodate any movement between these components of the population.
The second type of observation involves resightings of marked animals at some time in the interval (i, i + 1), referred to as resighting at time i. This can occur for v distinct periods, i = 1, . . ., v. In this paper, we consider the case where v > t. Note that the interval begins at i and ends just before i + 1, so that an animal seen exactly at i is classified as having been observed in the interval (i, i + 1). We assume that resightings of marked animals are made throughout the range of the population of interest (i.e., both the at risk of capture component and the not at risk of capture component are observed). Note that resighting can mean any method of obtaining observations in addition to live recaptures at the times animals are marked and released and may include some other type of physical capture.
We also allow losses on capture and resighting in the model, with losses on resighting corresponding to tag-recovery. Losses on capture are treated by conditioning on the releases, that is, we treat the number of animals released following capture as fixed observable numbers. Losses on resighting are incorporated in the likelihood.
In the Rangitikei trout example, animals are at risk of capture only if they are present in the river sections sampled during the spring and autumn tagging operations. Resightings are obtained by anglers reporting tags from fish they have captured. Because angling can take place anywhere on the river, the fish are exposed to resighting throughout their range. A fish caught and then released by an angler is classified as released on resighting. If the fish is killed, then it is classified as lost on resighting.
Notation Statistics
Ri,, = the number of animals released at i following capture. Ri,r = the number of animals released following resighting in (i, i + 1). Pi = the probability that an animal is captured at time i given that it is alive and at risk of capture at time i. fi = the probability an animal is resighted in the interval (i, i + 1) given that it is alive at time i. Oi = the probability that an animal alive at time i is not resighted in the interval (i, i + 1) given that it is alive at i + 1. Fi = the probability an animal alive and at risk of capture at i and alive at i + 1 is at risk of capture at time i + 1.
Fi' = the probability an animal alive and not at risk of capture at i and alive at i + 1 is not at risk of capture at time i + 1. Vi = the probability an animal is released given that it is resighted in (i, i + 1).
Note that two parameters (fi and Oi) are used to describe the resighting process. Both parameters are required to avoid making any assumption about the survival process between study times. Such an assumption could be used to reduce the number of parameters to be estimated. For example, it might be appropriate to assume an exponential death process and constant sighting effort within each sighting interval, in which case Oi can be written as an explicit function of fi (Barker, 1995) .
In addition to the usual assumptions of the Jolly-Seber model (e.g., Seber, 1983, p. 197), we assume When an animal is released following the first occasion on which it was marked (at time i, say), the next observation can occur at just one of the times j = i, . . . , v, or the animal may never be observed again. Thus, the animal may fall into one of t + v -2i + 2 mutually exclusive classes represented by Mii+icc, -, MitcC, mii,c,r, .. ., mi,v,c,r, or Ric-rivc, with the final class representing those animals released at i following capture, that are never captured or resighted again. Once an animal is encountered at time j (i.e., is recaptured at j or resighted between j and j + 1) and contributes to one of the mivjcc or mivj,c,r's), the animal is transferred to a new release cohort depending on how it was encountered. If the animal is next encountered by capture at j, it is transferred to the release cohort of animals that were last encountered by capture at time .j (denoted P.
If the animal is next encountered by resighting in the interval (j, j + 1), it is transferred to the release cohort of animals that were last encountered by resighting in j, j + 1 (denoted Cj,r). 
Random Emigration Model
Under random emigration (Burnham, 1993), we assume (1 -Fi') = Fi for all i. That is, the probability an animal is at risk of capture at i + 1 does not depend on whether it was at risk of capture at i. This assumption leads to closed-form maximum likelihood solutions facilitating comparison with published mark-recapture models.
In constructing the probability model, it is important to note that the probability that a member of Cir survives to the start of time i + 1 is not Si. Rather, we need the probability that a marked animal survives from i to i + 1 conditional on being resighted in (i, i + 1) and released following resighting. Because we have seen these animals after i and hence know they are alive at some time after i, we expect this probability to be higher than Si. We find that If v > t, the estimators remain as above; however, in addition, we can estimate Ot (using equation (1) with t substituted for i) and vi (i = t + 1, ... ,v). Also, there are additional confounded parameters that can be estimated (for details, see Barker, 1995) . These confounded parameters can be used for goodness-of-fit testing but are unnecessary if the goodness-of-fit tests described below are used.
Asymptotic variances and covariances can be readily obtained using the delta method (Seber, 1982). For brevity, we give just the variances, using the notation var(Si) to denote var(Si Si) and similarly for the other parameters in the model: Tables 3 and 4 , respectively. Of particular interest are the resighting (fi) and 6-month survival rate (Si) estimates. The resighting rates are useful because they provide an index of the angling pressure that the fishery is subjected to. The pilot study has provided data sufficient to discriminate between the winter (periods 1, 3, and 5) resighting rates, which are much lower than the two summer resighting rates (periods 2 and 4). It appears that, during the summer period, at least 15-18% of trout are captured by anglers. In contrast to the resighting rates, the survival rates are not precisely estimated.
The pilot study indicates that the method has the potential to provide useful estimates. Because of the low capture probabilities (-5%), a study based on just mark-recapture data would require very large sample sizes. The number of tag-resightings and recoveries indicates a study based on just tag-recovery might be feasible. However, as more than 70% of trout were released by anglers on capture, most of the tag-resighting information would be unusable using standard procedures (e.g., the models in Brownie et al., 1985) . The advantage of the joint analysis in this case is that all sources of information can be used, thus more precise estimates can be obtained using fewer marked animals. However, to obtain precise estimates of survival rates in the Rangitikei River study, a substantial increase in sampling effort is required. This can be accomplished either by increasing the capture effort (increasing pi) or by increasing the resighting effort (increasing fi). Because anglers do not report all the tagged fish that they catch, one means of increasing the fit's is by encouraging anglers to report all tagged fish. Table 5 , involves a partitioning of the sufficient statistic Ti, the total number of marked animals in the population immediately before i that are captured or resighted at or after i, according to whether the animals were resighted between i-I and i, (rii r), or not (Vi -o?i-1). The resulting set of (t -2) 2 x 2 contingency tables effectively test whether resighting has a short-term (i.e., one sampling period) effect on the probability that the animal is captured. Note that this effect may occur through influences on any of the pi, Si-1, or Fi-1. This test may be particularly important in a study where resighting involves physically disturbing the animals.
Goodness-of-Fit Tests
The second test, illustrated in Table 6 , involves a partitioning of the sufficient statistic Vi+1 into ri+lvc, those members of Vi+1 that were captured at i + 1, rir -mii+1,r,c, those members of Vi+1 that were resighted in (i, i + 1) but not captured at i + 1, and Vi -oi -mii+,p,, those members of Vi+1 that were not captured at i + 1 and not resighted in (i, i + 1). The second partitioning of 1  39  1  12  0  0  2  0  0  12  1  2  91  16  29  4  1  18  9  10  38  2  3  90  1  19  0  6  1  18  24  37  0  4  74  25  16  3  6  39  30  36  46  14  5  17  6  1  0  3  8  7  10  8  2 Table 4 the encounter history data can be used to construct a fourth goodness-of-fit test component comprising 2 x 2*j -1 (j = 2,. . ., t) contingency tables based on partitioning the components of the oj's first into the mij,c,r and mij,r,r's and second according to whether the members of 0i were released on resighting. This tests whether the probability of being released on resighting in j, j + 1 is the same for all 2 * j -1 marked cohorts in the population in j,j + 1.
In many cases, the expected number of resightings in some cells of the contingency tables will be small and the x2 approximation poor. Under these circumstances, two approaches may be used. The first is to compute the probability of the observed, or a more extreme, result exactly using the hypergeometric distribution. An algorithm for r x c tables is given by (Mehta and Patel, 1983) . The alternative approach is to pool cells. Defining Mi as the number of marked animals in the population at i (both at risk of capture and not at risk of capture), Jolly's estimator is based on the equality (in our notation)
Comparison with Jolly's Solution
i.e., the proportion of animals marked before i and not captured at i that are ever encountered again should equal, on average, the proportion of animals captured at i that are ever encountered again. .., not captured at t captured and released at i). To be captured at i, the animals must be at risk of capture at i; hence, these two probabilities will be equal only if the animal's at risk of capture status at i has no influence on its probability of subsequent capture, that is, only under the assumption of random emigration.
Estimation of Population Size
If Hence, ni/Pj* will be a consistent estimator for Ni only if we also assume that 6i-= Fi_1 or that Bi-I 0. Hence, we cannot estimate the size of the population (either total or at risk of capture) without a further restriction on Oi. But this assumption is unreasonable unless animals are recruited exactly at i. Thus, under random emigration, we do not appear to be able to estimate population size without restrictive assumptions about the movement of recruits or without additional information. Note that under the alternative assumptions of permanent or Markov emigration, the Jolly-Seber MLE ni Pi is a valid estimator of the number of animals at risk of capture at i (Barker, 1995).
Discussion
The model described provides a framework for making full use of all the reobservation data that are potentially available in mark-recapture studies. The inclusion of resightings allows a greater variety of movement models to be fitted and allows separate estimation of StI and Pt, which is not possible under the usual Jolly-Seber model format without additional captures after t. In addition, Barker (1995) shows that including resightings can lead to marked improvements in the precision of parameter estimates, particularly when capture probabilities are low and resighting probabilities high. He also shows that incorporating resightings reduces the sensitivity of the Jolly-Seber model to heterogeneous capture probabilities.
Several reduced-parameter models correspond to important published mark-recapture models. If there are no resightings (i.e., fi = (1 -i) = 0) and if we assume that emigration is either permanent or random, we obtain the component of the Jolly-Seber model that models recaptures of marked animals. The estimators and their variances therefore reduce to those of the Jolly-Seber model. Importantly, we are unable to discriminate between the case of random emigration and permanent emigration, as the probability structure for the model is identical in either case (Burnham, 1993) .
If there are no recaptures or recaptures are ignored (i.e., Pi = 0), then we obtain two important classes of models depending on whether the animals are released on resighting. If all animals are released on resighting, then the problem reduces to that considered by Cormack (1964) and Brownie and Robson (1983) . The models they developed are appropriate only under a set of circumstances more restrictive than those we have considered. Specifically, they consider the case where the resightings for time i are obtained exactly at i. Cormack's (1964) tag-resight model can be obtained by making the constraints pi = 0 and (1 -Oi) = fi. An advantage of the more general model that we have introduced is that we can relax this assumption. If the only set of constraints is pi = 0, for all i, we obtain a restricted version of our most general model, which generalizes Cormack's (1964) tag-resight model by allowing resightings to occur throughout the interval between releases of marked animals.
If pi = 0 and all animals are removed from the population on resighting, then our model reduces to the Seber-Robson-Youngs bird-banding model described by Brownie et al. (1985) . The explicit estimators for Si and fi described above for the random emigration model reduce to those for model M1 of Brownie et al. (1985) . If, however, pi > 0 but all animals are lost on resighting, we obtain joint band-recovery/recapture models. If emigration is random or permanent, we obtain the set of models considered by Burnham (1993) , with fi interpreted as the band-recovery rate.
The inability to estimate population size under random emigration without an additional restrictive assumption is unsatisfactory. However, this applies equally to the Jolly-Seber model (i.e., without resightings) and is even more unsatisfying, as without resightings the random and permanent movement assumptions lead to identical expected recaptures and we cannot distinguish between the models. Moreover, the goodness-of-fit statistics for the Jolly-Seber model test only the fit of the model to the recaptures of marked animals. Thus, for the Jolly-Seber case we have two equally valid models for marked animals, no means of distinguishing between them, but a valid population size estimator only under permanent emigration. Moreover, in the Jolly-Seber model, we are unable to determine whether the Jolly-Seber survival rate estimator Oi is a true survival rate Si (i.e., the random emigration model) or SiFi, the joint probability that an animal has survived and not emigrated (i.e., the permanent emigration model). This result reinforces the importance of obtaining additional information that allows separate modeling of the different types of emigration.
